Sulfuric acid is widely used in several industrial fields, such as acid pickling, acid cleaning and acid descaling, which cause serious corrosion issues. Especially, copper being widely applied in industrial is vulnerable to be corroded by the acid. The usage of corrosion inhibitor is one of the most important techniques for controlling the corrosion. Several organic inhibitors containing hetero-atom, π-electrons and double bond have been applied for the corrosion inhibition of copper, which are found to exhibit high inhibiting properties by providing electrons to interact with metal surface. However, the use of several heterocyclic inhibitors has caused negative impact on the environment due to their toxicity and non-biodegradability. In this paper, pyrazolo-pyrimidine derivatives are found to attract great attention owing to their eco-friendly properties. Corrosion inhibited properties of three pyrazolo-pyrimidine derivatives namely 4-amino pyrazolo-pyrimidine (APP), 3-bromine 4-amino pyrazolo-pyrimidine (Br-APP) and 3-iodine 4-amino pyrazolo-pyrimidine (I-APP) on copper in 0.5 M H 2 SO 4 solution were studied using electrochemical method and surface analysis techniques. Corrosion of copper has been largely inhibited by the inhibitors and the inhibited efficiency increase with the augment of concentration. The adsorption isotherms were simulated to explore the adsorption mode of inhibitors. Furthermore, theoretical calculations were applied to research the mechanism of inhibitors on copper.
Introduction
Copper and its alloys have been applied to nearly every field of industries such as microelectronics, machinery and chemical industries [1] . However, copper is susceptible to be corroded in sulphuric acid solution that cause huge security issue and economic losses [2] . The addition of inhibitors is an effective and practical way to reduce the damage to copper [3] . Several organic compounds containing heteroatoms (nitrogen, oxygen, sulfur), polar functional groups, and conjugated double bonds are used as inhibitors for protecting copper in these years [4] [5] [6] [7] . Benzotriazole (BTA) and its derivatives are the traditional inhibitors applied to decrease the corrosion of copper, but the BTA is toxic and may cause some environmental problem [8] [9] [10] . Therefore, it is necessary to find the effective and environment-friendly inhibitors.
Recently, pyrazolo-pyrimidine derivatives acting as promising inhibitors possessed many excellent performance and draw people's attention [11, 12] . It has been reported that halogen substituted organics such as thiophenol [13] , imidazoline [14] , triazole [15] , have already been proved to be good inhibitors. On the other hand, molecular simulation technique has played an increasingly significant role in the field of corrosion inhibitors [16] [17] [18] . Based on the above considerations, we will investigate the effect of halogen atoms on the inhibition performances of pyrazolo-pyrimidine.
Thus, the objective of current research is to study the inhibitive effectiveness of three kinds of pyrazolo-pyrimidine derivatives, i.e., 4-amino pyrazolo-pyrimidine (APP), 3-bromine 4-amino pyrazolo-pyrimidine (Br-APP) and 3-iodine 4-amino pyrazolopyrimidine (I-APP) on copper in sulphuric acid solution, which can provide basis for designing the molecular structure of the corrosion inhibitor. Electrochemical and surface analysis methods were employed. Additionally, we applied the density functional theory (DFT) calculations and molecular dynamics (MD) simulation to further explore their inhibition mechanism.
Experimental

Materials preparation
The 0.5 M H 2 SO 4 solution was prepared with analytical grade H 2 SO 4 (98%) in distilled water. The chemical structures of three investigated inhibitors are shown in Figure 1 . They were purchased from Tansoole. Three kinds of inhibitors were added to 0.5 M H 2 SO 4 solution to prepare solutions with four different concentrations 0.25, 0.5, 1, and 4 mM, respectively. Experiments were conducted at indoor temperature of 298 K using thermostat-controlled water bath. Before performing the experiment, copper electrodes were polished with 800, 1200, and 2000 emery papers, then samples were washed with water, alcohol and finally dried at indoor temperature. 
Electrochemical measurements
Electrochemical tests were performed by using CHI604D electrochemical station with the conventional three-electro system, copper as the working electrode, a platinum electrode as the counter electrode, the saturated calomel electrode (SCE) as the reference electrode. All potentials were measured in the experiment versus the SCE. The EIS data were fitted by Zsimpwin 3.10 software.
Each test was performed three times to get satisfactory reproducibility. The open-circuit potential (OCP) was performed in test solution in 298 K until a steady-state was reached. Then the EIS experiment was measured at open circuit potential over a frequency range 100 kHz-0.01 Hz. Finally, polarization experiments were performed in the potential range of ±250 mV versus the OCP and the scan rate was set as 0.5 mV s −1 .
Scanning electron microscopy studies
The morphology of the copper specimens before and after exposed in 0.5 M H 2 SO 4 solution with and without inhibitors at 298 K were performed by field emission scanning electron microscope (FE-SEM, JEOL-JSM-7800F, JEOL Ltd, Japan) at high vacuum.
Theoretical calculation details
Quantum chemical calculations were performed using Gaussian 09 software. The molecular structures of three inhibitors were optimized by DFT using B3LYP functional with 6-311++G (d,p) basis set [19] . The quantum chemical parameters containing the energy of the lowest unoccupied molecular orbital (E LUMO ), the highest occupied molecular orbital (E HOMO ), energy gap (ΔE=E LUMO −E HOMO ), and dipole moment (μ) were calculated. The adsorption mode of pyrazolo-pyrimidine derivatives on copper was investigated by conducting MD simulations using the Forcite module of Materials Studio software [20] . Accordingly, the densely packed Cu(111) surface model was chosen as representative because it is the most stable [21] . The interaction between the inhibitors and the Cu(111) surface was assumed in a simulation box (2.2×2.6× 4.3 nm) using the COMPASS force field [22] with periodic boundary conditions. A simulation temperature of 298 K and NVT canonical ensemble with a timestep of 1 fs and simulation time of 500 ps were implemented in all MD simulations.
Results and discussion
Potentiodynamic polarization curves
The polarization curves of copper in 0.5 M H 2 SO 4 solution with and without APP, Br-APP, I-APP are displayed in Figure 2a , 2b, and 2c, respectively. The Tafel slope values of anodic and cathodic indicates that both the anodic and cathodic reactions were suppressed with the addition of inhibitors. In addition, the Tafel slops of cathodic curves did not change apparently, indicating that the mechanism of the cathodic reaction cannot be changed in the presence of pyrazolo-pyrimidine derivatives [23] . And all the anodic curves presented current plateaus, which were ascribed to the reduction of the oxygen dissolved in solution [24] . The current plateaus of I-APP are broader than APP and Br-APP. At the same time, the anodic curves of APP have slightly variation compared to blank, manifesting APP did not change the mechanism of anodic reaction. However, it can be seen from the Figure 2b that the slope variations for inhibited solutions indicated a change in the corrosion mechanism of copper. From the Figure 2c , the anodic curves of I-APP have more variation. The current plateaus are broader than the other two, manifesting more adsorbate and better inhibited effect.
(a) (b) (c) The electrochemical corrosion parameters containing corrosion potentials (E corr ), corrosion currents densities (i corr ), anodic Tafel slopes (β a ), and cathodic Tafel slopes (β c ) have been got from the polarization curves by the Tafel extrapolation, and the values are displayed in Table 1 . The inhibition efficiency () values listed in Table 1 were obtained by using the following equation:
where i corr and i corr,0 denote the corrosion current densities in the presence or absence of inhibitors, respectively. As is shown in Table 1 , all the potential displaced to more negative potential compared to the blank, and the movement of E corr were less than 85 mV. This result reveals that pyrazolo-pyrimidine derivatives are mixed-type inhibitors [25, 26] . In addition, the i corr values decrease with the increase of concentration, which reveal the increase of inhibited efficiency. It is obviously that the efficiency of inhibitors follows I-APP > Br-APP > APP. Impedance measurements Figure 3 present the Nyquist plots of copper in 0.5 M H 2 SO 4 with the absence and presence of studied inhibitors at various concentrations. For blank, the impedance spectra showed a Warburg impedance containing a capacitive loop in the high frequency region and following a straight line in low frequency. The high frequency capacitive loop is related to the charge transfer resistance [27, 28] . The low frequency straight line indicates that the corrosion process involves the transport of inhibitors from the bulk solution to the copper/solution interface [29] . The Warburg impedance is related to the diffusion of dissolved oxygen [30] .
In Figure 3a , the shape of inhibited curves is similar with the uninhibited ones, revealing that the addition of APP increases the impedance but did not change other electrochemical traits of the solution. However, Warburg impedance disappears at 4 mM of Br-APP, indicating the higher protection for copper. For Figure 3c , all the impedance curves displayed a depressed capacitive loop without Warburg impedance, which reveal that the diffusion process was strongly blocked by the I-APP [31] . At the same time, the diameter of Nyquist plots increases with the increase of concentration, indicating that the protection for copper becomes stronger as the concentration increases. Figure 4 shows the Bode plots of three kinds of inhibitors. The low-frequency impedance value increases up to two orders of magnitude compared to the solution without inhibitors, indicating the high inhibited effect of the inhibitors [32] . It is obviously that the frequency range with the maximum phase angle increases with the increasing concentration of inhibitors in the solution, demonstrating effective adsorption of inhibitor molecules on the copper surface [33] . Figure 5 gives two kinds of equivalent circuits. The impedance spectra involving Warburg impedance were fitted using the equivalent circuit displayed in Figure 5a . Another that in Figure 5b was applied to analyze the impedance spectra without impedance spectra. Herein, R s means the solution resistance, R f is the resistance of protective inhibitor film formed on copper surface, R ct means the charge transfer resistance, and W is the Warburg impedance. CPE dl and CPE f are constant phase angle elements, representing double layer capacitance (C dl ) and film capacitance (C f ), respectively. The impedance of CPE is calculated as follows [34, 35] :
From the equation, Y 0 is the magnitude of the CPE, ω is the angular frequency, j is the imaginary root, and n is the deviation parameter regarding phase shift. If n = 0, the CPE is same as a pure resistor, and for n = 1, a pure capacitor. The impedance data got from above equivalent circuits are listed in Table 2 . The inhibited efficiency of pyrazolo-pyrimidine derivatives is calculated from the charge transfer resistance R ct according to equation (3), where R ct and R ct,0 are the charge transfer resistance of the copper electrode in the presence and absence of pyrimidine derivatives, respectively. 
It can be seen from Table 2 that R ct increases with the increase of concentration, indicating the inhibitors adsorption film formed on the copper surface and prevented the charge transfer [36] . At the same time, C dl decreases due to more protection on electrode surface. As a result, inhibited efficiencies displayed an increasing trend with the growth of inhibitors concentration, and the values are 78% for APP, 89% for Br-APP, 94% for I-APP at the highest concentration, respectively. The inhibited efficiencies follow I-APP > Br-APP > APP, which confirmed the result of polarization measurements. Figure 6a~6d shows the micrographs of the copper specimens exposed to 0.5 M H 2 SO 4 solution for 32 h in the absence and presence of 4 mM APP, Br-APP and I-APP, respectively. The copper surface without pyrazolo-pyrimidine derivatives is severely destroyed by the aggressive solution, as is shown in Figure 6a . The corrosion of copper is reduced in Figure  6b after adding inhibitors due to the protection of organics. Figure 6c shows that the copper surface is protected by Br-APP and is smoother than Figure 6b . At the same time, Figure 6d reflects the stronger protection of I-APP on copper than APP and Br-APP. Therefore, it can be concluded that the corrosion of copper is inhibited in the presence of inhibitors and the inhibited sequence follows I-APP > Br-APP > APP. 
SEM analysis
Adsorption isotherm simulation
Langmuir isotherm proved to be the most suitable mode to fit the results of electrochemical impedance data. The corresponding formula is as follows [37, 38] :
Herein, θ means the surface coverage, K ads is the equilibrium constant of adsorption, and C is the concentration of the inhibitor in the electrolyte. The fitted lines of inhibitors are displayed in Figure 7 
where K ads is the reciprocal of the intercepts of the straight lines in Figure 7 , R is the gas constant, and T is the absolute temperature. The adsorption mode was physisorption when the absolute value of 0 ads G was lower than 20 kJ/mol, while the inhibitors was chemisorption when the 0 ads G was higher than 40 kJ/mol [40] .
As is shown in Figure 7 , the values of 
Theoretical calculations
Quantum chemical calculation can explore the relation between molecular structure and inhibition effect. Figure 8 present the optimized structures, the HOMO and LUMO density distribution of three inhibitors. Table 3 gives the values of E HOMO , E LUMO and ΔE, which can reflect the chemical stability of inhibitors. As known to all, the low value of E LUMO means the electron-receiving ability of the molecule, while the high value of E HOMO signifies the electron-donating ability of the molecule [41] . The ΔE reflects the chemical stability of inhibitors. The ΔE values of three inhibitors follows: APP < Br-APP <I-APP, which confirmed the result of experimental data. In addition, the dipole moment (μ) is also typical index reflecting the correlation between μ and inhibited ability. According to some authors [17, 42] , the low value of μ will enhance the accumulation of inhibitor on metal surface thus increase the inhibition efficiency. The calculated dipole moment values are 2.597, 1.839, and 1.767 Debye for APP, Br-APP, and I-APP, respectively. Therefore, the effect of inhibitors on copper follows: I-APP > Br-APP > APP. Figure 9 shows the side and top views of the optimized equilibrium adsorption configurations. It is obviously that the inhibitors are absorbed in parallel on the copper through pyrazolo-pyrimidine ring whether from side or top view. This configuration can maximize the adsorption area of inhibitors on copper surface, thus minimize copper corroded by aggressive solution [43] . Therefore, the three kinds of inhibitors can reduce the attack of copper by acid. The interaction energy (E interact ) between Cu(111) surface and organics can be calculated from the following equation [44] :
where E tot is the total energy of the simulation system, E subs is the energy of the copper substrate and E inh is the energy of the free inhibitor molecule. The interaction energies calculated from the equation are −578.22 kJ/mol for APP, −553.54 kJ/mol for Br-APP and −560.66 kJ/mol for I-APP. The greater absolute value of E interact represents the better adsorption ability of organics on copper. It is obvious that these results are not accord with the experimental data, but the calculation data are not the critical index to measure the corrosion inhibition efficiency. We are subject to favor the experimental results.
Conclusions
The performance of pyrazolo-pyrimidine derivatives as inhibitors for copper in 0.5 M H 2 SO 4 solution was conducted by electrochemical experiments, SEM observation as well as molecular simulation calculations. The combination of experimental and theoretical techniques leads to the following conclusions:
(1) Electrochemical experiments demonstrate that pyrazolo-pyrimidine derivatives are effective mixed-type inhibitor and its inhibition efficiency increases with the increasing concentration. 
